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SUMMARY

ThereBultsofan investigationconductedintheClevelandalti-
tudewindtunneltodeterminetheperformanceofa 20-inchramjet
areyresented,anddjscussed.Theinvestigationwa~oonductedatalti-
tudesrangingfrom7000to41j5C0feetandatram-~ressureratioe
equivalentto free-streamMashnumbersas greatas 1,84usingpre-
heated62-octanefuel.Smplemntaryteststo detcmnineanychange -
inprfor~hse caused lIX chan@ngthefuelto preheatedloo-octane,
werea,leomade. An extensionoftheuthodsofdatareductionandof
thegeneralizingperformanceyararnetersapplicableat supersonicMach
nt].mbersand~er a wider-e Or o~eratingconditionsiSpresented.
Themagnitudesofthetotal-pressurelossesacrossthevariousphases
of$heram-Jetc@e areanalyzedanddiscussed.

At an equivalentfree-streamMachnumberof1.84anda Gastotal-
temperaturoratioacrosstheengineof5.7}theequivalentsea-level
netthrustwastM5 pounds.Fortheseconditions,theover-alleffi-
ciencywas12.6gercentandthecombustionefficiencywas70.3percent.
Thecorrespondingnet-thrustcoefficientwas0.74.Theinvestigation
alsoshowed.thatno changeintheperformanceor operatingrangeof
thee?@ne occurredwhenthet%elwaschangedfrompreheated62-octane
to preheated100-octanegasoline.

INTRODUCTION

ExperimentshavebeenconductedattheNACACleveltidlaboratory
to determinethefeasibilityofo~;era.ti~-a ramjetat hl@~altitudes
andat ram-pressureratiosequival~ntto supersonicflightspeeds.
Performancestudiesofa ramjetatequivalentfr&e-streamMachnumbers
to 1.26andataltitndosto 39,000feetweremadeatthislaboratory
andarereportedinreferGilces-land2.
erences3 to 6)presentsubsonjcram-$et

Otherram-jetstudies(ref-
performance.
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InthepresentMvcstigatienmadeto.axtemdtheperformancedata,
dryrefrigeratedairwasadmittedtoa 20-inchramj~tmountedinthe
altitudewindtunnel.Thedesire’dram-pressureratioacrosgtheengine
wasobtainedby throttlingtheinletairtotheramjetfromapproxi-
matelysea-14velpressureandadjuetingthestaticpressureinthe
tunnel,Theperformanceofthee~inewasstudiedataltitudesup to
41,500feetandram-pressureratiosequivalenttoMachnumbersasgreat
as 1.84.Theselectionofthei-am-jetconfigurationusedinthiastudy
wasbasedontheresultsofpreviousInvestigations(references1 and2).

-—

Thereeultsobtainedinthisinvestigationaresummarizedandthe
effectofa variationincombustion-chamberlengthonengineperformance
at highaltitudesandat ram-pressureratiosequivalentto supersonic
flightspeedsisdiscussed.Thedevelopmentof theparametersbymeans
ofwhichtheperformanceoframjetscanbegeneralizedtoanydesired
operat~ conditions,originallypresente~inreference1,haskeen
amplifiedto includeadditiotilvariationsenoounte~wdinthegreater
operatingrangecove~*edinthis.tnvestigation.Intheexpre~sbnof
thevaluesofram-pressureratioatwhichtheenginewas.oPeratedin
termsofequivalentfree-streamMachnumber,the
thatwouldoccurat supersonicflightvelcw,ities

APPARATUSANDPMCMXJRE

effectof shockIosoes #
areincluded. —

.

The20-inchramjetusedintheinvmtigationw,asmountedinthe
altitude-wind-tunneltestsectionbelowa 7-footchordwing,whichwas
supportedatthe:tips.bythowfnd-tunnelbalanceframe(fig.1). Dry
refrigeratedairwassuppliedtotheranjetthrougha Pip fr~ the
wind-tunnelmake-upairduct,Thisairwasav~ibbleinthemake-up
airduetatapproximatelysea-level_pressureandwaathrottled.topro-
videthedesired.totalpressureat thudiffuserinlet.‘Theramjet
exhausteddirectlyintothewindtunnel,inwhichthepressurealtitude
wasvariedto obtaindifferentvaluesofram-pressurerutioacrossthe
unit.Restraintofthemodelby therampipewasobviatedby a sealed
slipjointinserted.betweentherampipeandthediffuserinlet.The
tunnelbalancesystemcouldthenbe usedtomasurethethrust.

Thediffuserhadan 8° includedangle,a 14-inch-diameterinlet,
anda 20-inch-diameterexit. Theenginewasoperatedwithreplacoablo
20-inchVdiamter,5-andM2-footcombustion-chambersectionstowhicha
convergingnozzlo2 feetlongwitha 16.8-inch-diametcn?exitwas
attached.Theshellwascooledby circulatingwaterthroughcopp&
tubingwrappedaroundthecombustionchamberandexhaustnozzle.

●

Twodifferentfuelinjectorsystems(fig,2)wereusedwithno
apparentchangeinoperationoftheengine.Onesystemconsistedof

8
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fourl/4-inchsteeltubeshavinga totalof 68No.70holesdrilled
alongthetubelengths.Theseholeswereequallyspacedalongthe
fourtubesandextendedtowithin2 inchesofthediffuserwall.
Theothersystemconsistedof sevensteeltubeshavingthesamenumber
andsizeof holesequallyspacedalongthetubes.Thetotalof 11tubes
wereequallyspacedandarrangedir.an80°V pattern;theopenendof
theVwas 5 inchesdownstreamof thediffuserinlet.Thefuelwas
injecteddirect~~-upstream.

A flameholder(fig.3),consistingofa gridof horizontal
andvertical30°VIS1 inchaorosstheopenendandwith2~-inch
vertexspacing,wasmnznteiiat thecombustion-chamberinletwiththe
verticesof theVfsfacingupstream.A gaspilotto startcombustion
wasbuiltintotheflameholderandtgnitionforthepilotwaspro-
videdby a mdifledafrcrai%sparkplug. Thecoldstatic-pressure
dropacrosstheflameholderwas2.9timesthedynamicpressureat
thecombustion-chamberinlet.

Thesteamheat-exchangerfuel-preheatinge@em describedin
reference2 wasalsousedInthisinvestigation.Thefueltemperature
wasmaintainedat 2200MOO F by regulatingthesteamflow.An
unleaded62-octsnegasollne(AN-F-22)wasused. Supplementarytests
werealsomadeusinga leaded100-octsnegasoline(AN-F-28).

Ewing operation,localhotspotswereobservedonthecombustion-
chambershellunderthecoppercoolingcoils.An experimentalsection
(fIg.4),whicheliminatedallten&enciestowardlocaloverheating,
wasinsertedaspartof thecombustionchamber.Thesectionwascon-
structedhy seam-weldinganoutershellcorrugatedto forma helical
cooling-waterpathtoa smooth,cylindricalInnershell.

Staticpressures,totalpressures,andindicatedtemperatures
weremeasuredwitha surveyrakemountedatthediffuserinlet.
Thesepressuresand.temperatureswereusedto computetheairflow
throughtheengineandthevelocitiesatthediffuserinletandexit.
Thefuelflowwasdeterminedwitha rotameter.Fueltemp=tures
andpreseureswerenwasuredattheinjectormanifold.

Datawereobtainedatpressurealtitudesrangingfrom7000to
41,500feet.Thefuel-airratiowasvariedfmm appu’ox+Wately0.040
to 0.067.Underchokingconditionsat theexhaustnozzle(jetMach
numbergreaterthan1),themeximumfuel-airratiowaslimitedto
0.051becausethepeakdelfveryratoofthefuelpumphadbeen
reachedandtheminimumfuel-afiratiowaslimitedtoapproxim&ely
0.042becausethefuel-injectorpressuredroppedbelowthefuelvapr
pressureat thispoint.Theinlet-airtemperaturewasmaintainedat
100=tlOOF.
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SYMBOLS

Thefollowingsymbolsareusedinthispaper:

cross-sectionalarea,squarefeet —
2 Fn

net-thrustcoefficient,-—_._—
7&@3M# —

-specific.heatat constantpressure,Btuperyoundpm ‘F

jetthrust,pounds

netthrust,~ounds ——
fnel-airratio :

accelerationofgravity,feetpersecondpersecond

lowerheatingvalueoffuel,1.9,000Btuperpoud
.—

mechanicalequivalentofheat,foot-poundsperBtu

Machnumber -

massgasflow,slugspersecond

2? totalpreswre,poundHpersquarefootabsolute

P staticpressure,youndspersquarefootabsolute

R gasconstant,foot-poundperpoundper ‘F

T totaltemperature,‘R

t statictemperature,‘R

v

Wa

‘f

Y

velocity,feetpersecond

airflew,poundsperoegond

fuelflow,yxnds persecond

ratioof specificheatat constantpressureto
opectf’icheatat constantvolume

.
“

E%---.--.-””-
-z oil
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Subscripts:

o

1

2

3

4

J

5

ratioofabsolutetunnelambientpressureto abso-
lutestaticpressureatNACAstandardatmospheric
conditionsat eealevel,po/2116

ratioofabsolutetotaltemperatureat exhaust-
nozzleexittoabsolutestatictemperatureat
NACAstandardatmosphericconditionsat sealevel,
T@9

over-allefficiency,percent

combustionefficiency,percent

ratioofabsolutetotaltemperatureatexhaust-
nozzleexittoabsolutetotaltemperatureatdif-
fuserinlet,T4/T1

ratioofabsolutetotaltemperatureat exhaust-
nozzleexitto absolutetotaltempentureat
combustion-chamberinlet,‘4/T2

equivalent

station1,

station2,
inlet

station3,

etation4,

free-streamcondttion

subsonicdiffuserinlet

diffuserexitandcombustion-chamber

combustion-chamberexit

exhaust-nozzleexit

exhaust-jetconditicmat ambientpressure
(Pj= P*)

Performanceygarameters:

F@ jetthrustreducedtoNACAstandardatmospheric
conditionsat sealevel,pounds

Fn/5 netthrustreducedtoNACAstandardatmospheric
conditionsat sealevel,pounds

% ~ combustion-chamber-inletMachnumberparameter



6

q(l++}

550Wf 3600,

FnVo

550Wf 3600

FnVo(l+~7i)

over-all

4’3@J’f@w!NACAFMNO,I16L06
efficiencyparameter,percent

idealover-allefficiencyparameter,percent

air-flowparameter,Qoundspez+second

a

1

—

—

fuel-consumptionpzummeter,TGundaperhour

net-powerspecificfuelconsumption,poundsyernet
thrusthorsepower-hour

net-powerspocifiofuelconsumption~arameter,pounds
pernetthrusthorsepower-hour

.

—

Vb ideqlnet-:jowerspecificfuelconsumptionparameter,
poundspernetthrusthorsepower-hour

KWSULTSANDDISCUSSION

At allfuel-airratiosatwhichtheenginewasoperated,flame
completelyfilledthecombustionchamber.High-speedmotion-picture
studiesindioated,however,thattheturning,whichap~aredtobe
smmthbutwasaccompaniedbya steadybuzzing~ound,wasactuallyof
a high-frequencypulsatin~nature.

Belowchoking(jotMachnumberlessthan1),theflameemittedfrom
theexhaustnozzlewe,econtinuousexceptforoccasionalflashescurling
outward* Abovechoking(jetMaohnumbergreaterthan1),theoperation
oftheengineseemedindependentoftunnelambient1Jr(38SUreandshock

-.

bandswereclearlyvisibleintheexpoQe”d&me. Theseshockbands
—

werespacedapproximatelyuniformlyal.o~~the Jetfromthenozzleexit.
Littleflamecolorcouldbe seenbetween”t3ie-
brightband(fig.5). (Foranexpoaitionof
isticsof supersonicgasjets,seereference

nozzleexitandthefirst
theaerodynamiccharactcn’-
-1*)

Simiiii_i,@
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h general,thedata
andcorrelated.bymethods

forthishwestigation
discussedinreference

7

tivebeenreduced
1. In certain

instanc~s,however,theperf’ommnceparametersofreference1 were
overslm~JliiYedbecauseofthenarrowoperatingrangecoveredand
provedinadequateforcorrelatingthedataat thehighMachnumbers
obtainedInthisinvestigation.A refinementandan extenstonof
thePerformanceparametersandmethodsofdatareductionapplicable
toperformanceath+ighMachnumbersandovera wideoperatingrange
arepresentedintheappendti.

Theequivalentfree-streamMachnumber~ istakenas the
independentvariableinpresentingthedata. ThisquantityIs calcu-
latedfromtheequivalentfree-streamtotalpressuiwandthetunnel
ambientstaticpressure.Forvaluesof Mo lessthan1,thediffuser.
inlettotalpressurewastakenastheequivalentfree-stfiamtital
pressure.Forvaluesof I@ greaterthan1, supersonicdiffuser
losseswereaddedto themeasuredsubsonicdiffuser-inlettotalpres-
suretoobtaintheequivalentfree-streamtotalpressuzw.The
assumptionsusedinobtainingtheequivalentfree-streamtotalp“es-
s~l~d .% fromthemasureddiffuser-inlettotalpressure andthe
tunnelambientstaticpressure for MO>l aregivenh theappendix.

Therelationsoftheperfozmmnceparametersto ~ forthe
5-footcombustion-chamberenginearepresentedinfigures6 to 20.
An invest~ationusing100-octanegasoline(AN-P-28]showedno change
intheperformanceoftheengineas comparedwiththeperformancewhen
62-octan6gasoline@N-F-22)wasused. Forthisreason,no datafor
theperformancestudy using 100-octanegasolinearepresented.With
theexceptionof thecombustion-efficiencydata,thetestpointsfor
the12-footcombustionchamberfellalongthecurvesestablishedfor
the5-footcombustionchamber(figs.6 to 19). Therefore,onlythe
jet-thrust(figs.6 and7)andthecornbustion-efficiencydata(fig,21)
forthe12-footcombustionchamberarepresented,

Thehighestequivalentfree-streamMachnumberforoperation
withthe5-footcombustionchamberwas1.d4,Thismaximumwasset
notby anoperationallimttoftheenginebutby tirepumpingcapacity
of thetestapparatus.Withthe12-footcombustionchamber,the
highestMo atwhichtheenginecouldbe operatedbeforeblow-out
was1.190

Themaximumjetthrustdevelopedby theenginewiththe5-foot
combustionchamber,reducedto sea-levelconditionsF~/5 (fig.6)
was14,690~unds at @ = 1.84.Theactual#etthrustsFj meas-
uredendth&altitudesatwhichthesedatawere$obtainedarepr=sented
infQure 7. Thepressure-altitudecontoursarebasedonthereduced
jet-thrustcurve of figure6.
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expocted~boththejetthmstandthemt thru8t
With ~ (figs.6 to 8). Thenet-thrustcccff5.-

i

cientalsoincreasedwith-~ intherangeofthisInvlastigation
(fig,9). At thehi@st equivalentfree-streamMachnumb6rattained
(1,84),thenetthrustreducedto sea-levelcond.itionewas8135pounds
(fig.8), Thecorrespondingnet-thrustceeffl.cient
(fig.9).

CF was0.74
Boththtireducednetthrustandthenet-thrustcoefficient

..
increasedwithan increaseintlwtotal-temperatureratioacroesthe
engine. .

Equation(10)oftheavpendixindicatesthattheidealovercall

singlecurw wasobtainudwhenthisparameterwasplotted.usa function
of l+) (fig.10). LikQw3se,a s<wlecurvewasobtainedbyplottfm

theidealnet-powerqmcificfuelConsumptionparamctsr
550Wf 3600

FnVO(l+~1) %

as a functionof ~t (fig,n). Theover.=allofficicmcyparamotor

550Iif 3600
arcplottedinfigures12and13,respuctivoly,as

.FnVo(l+fi} ;

functionsof’M. andcombustionefficiency~b. FromthesofQurcs
.

thecombustionofficlcncyatwhichthodatawereobtainodcan>C easily
determtn~d.?Jhocombustion-ofi’icioncycontoursonfigures12and13
woredeterminedfromthocurvesof’figures10and11,respectively.
Figures12and13canb~usedto calculatotheactualvalues of ong~nc
over-allefficiencyandnet-powerspecificfuelconaumpticn.Thovalues
of

q) whicharonmded todeterminetheover-allefficiencyandnot- “-””’”
power~pecificfuelconsumption,canbe obtain~dfromfiguro9. For
oonvenionco,theactualvaluesofovor-allefficiencyq andnet-pow~r

S50Wf 3600
specificfuelconsumption—— areprcstintedasa functionof

FnVo
M infigures14and15,rcspectfvcly.

.-

$?
No curvce.fordifikrcntvalues

o ~b havebeendrawnthroughthodatabccaueevariationsIn TI

Theover-all~fficicncyparamcturs(figs.10and12)endthoover-
allefficicmcy(fIQ.14)incroamdrapidlywithMachnuuber.Concur-
rently,a rapiddccreasointhcinet-powars~cificfuelconsump$lon
yaramotors(fige.11and13)andthenot-powerspeoil’icfuelconsumption” A

(fig.15)occurred.At M. = 1,84,a to’tal-tumporaturoratioacross
A
.



NACARMNo.E61@6 9

.

.

.

theengine T1 of 5.7,anda combustionefficiency~b of 70.3per-
cent,theover-allefficiencyo was12.6percent(fig.14). The

550Wf 3600
correspondingnet-powerfqecificfuelconsumption

FnVo
was1.06poundspernetthrusthorsepower-hour(fig.15).

Thevarfationoftheultimateexhaust-jetMachnumberMj with
~ t6 showninfi~me 16. Chokingat theexhauetnozzlebegins
approximatelyat l% = 1.16.Alsopresentedinfigure16aretheo-
reticalcurvesof MJ as a funoticnof Mo andtotal-pressureratio
acrosstilef3T1.gine

Pyqy
assumingtheratioof specificheatsat

thefree-streamconditionY. andthe,exhaust-jetconditionYj
equalto1.4and1.3,respectively.Thesecurvesarebasedonequa-
tion(13)ofthea~pendix.Thecorrelationofthesetheoretical
curvesandtheexperimentaldataindicatesthemagnitudeofthe
total-pressurelossthroughtheengine.

A discussionandevaluation& thevarioustypesofpressure
lossina ramjetare61venfnreferences8 and9. Fromthefigures
orreference8,themagnitudeofthetotal-pressurelossesacross
thevariousphasesoftheram-jetcyclecanbe estimated.At a
typicalengine-performanceconditimof’~ = 1.70, T1 = 6.0, and
M2 = 0.14,thetheoreticaltotal-pressureratiois0.93acrossthe
norml shockina convergent-divergentsupersonicditfuaerwith
optimumcontractionratio(reference8,fig.2),0.96acrossthe
flameholderwitha coldpressure-dro~coefficientof 2.9(refer-
ence8,fig.5],and0.91acrossa constant-areacombustionchamber
asa result ofburning(reference8,fig.6). Inasmuchas thetotal-
pressar~ratioacross-theenginewa~0.75at
thereremainsa total-pressureratioof-0.92
resultingfromshellfriction,fi~el-in~ector
i’ueerandexhaust-nozzleinefficiency.

It isimpossibletoreducethegreatest

~, = 1.70 (fig.16),
attributableto losses
dragjandsubsonicdif-

ofthetotal-pressure
losses,thelosscausedby combustionina constant-areatube,if
maxtmumthrustcoefficientsaredesiredbecausetheramjetmustbe
operatedathighvaluesof’‘rlahd M2. Withcontinuedresearch
anddevelopment,itshouldbepossibletodecreasethetotal-pressure
lc~sescausedby the f~~e holderandtodecreasethefuel-iqjector
drag:theshellfriction,andthediffuserandexhaust-nozzleineffi-
ciencies.

Thedatainfigure16 canbe usedto extrapolatetheperformance
oftheenginetoMachrmmbersinexcessofthoseatwhiohtheengine
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wasoperatedbecausealloftheenginelosses,exceptthesupersonic
diffuserlosses,willremainrelativelyconstantforconditionsat
which,Mj>l (TI and M2 constant).Thedecrease~nthethec&ctical
total-pressurerecoveryacrossthesupersonicyortionofa conver~ing-
divergingdiffuserofoptimumcontractionratiowithan increasein ““
~ canbe determinedfromfigure2 ofreference8. By applicationof
thesecalculatedlossesto thetotal-pressureratioacrosstheeriine
at M~ = 1 (fig.16),anextrapolatedcurveof Mj canbe obtained
fromanexbensioncfthepressure-ratiocontoursonthatfigure.

Iftheabsolutetotal-temperatureratio T2 and ~ areassumed
forsomedesiredoperatingcondition,thentheMachnumberat the
combustion-chamberentranceM2 canbe estimatedfromfigure17, In
thisfigure,thecombustion-chamber-inletMachnumberparameterM2fl~
waspracticallyindependento??~ atMachnlv.mbersgreaterthan1,
althoughchokingfirstoccurred“at~ = 1.16.

-.

—

—.

Wa
Theair-flowyarameter~ fi~ andthefuel-consumptionparameter

Wfqb3600
areylottedas

B4
t ively. Theair-flowand
by chokingattheexhaust

,

functioneof ~ infigures18and19,respec-
—

fuel-consumptionparameterswerenotaf:ectod
*-

nozzleandcontinuedto ticreaseat ~>1,16.
Thefuel-consumptionparameterispresentedasa functionof T2 in

additionto ~ to includetheeffectoftheterm (1.?) of equa-
tion(28),reference1, ,. —

Combustion-efficiencydataare?}resentodasa funotionoffuel-air
ratio f/a fortheS-footand2.2-footcombustionchambersInfigures20
and21,respectively.A comparisoncf thesedataindicatesthatlen@h-
eningthecombustionchamberfrom5 to 12feetimprovedtheconbl~stion
efficiencyabout10percentoverthefuel..air-ratiora~e atwhichthe
enginewasoperated.As inreference2,theheatlossesthroughthe
ram-~etshellwerenotincludedinthecalculationof combustioneffi-
ciency.Iftheseheatlosseswereincluded,thec&mbustion-efficiency
valueswouldbe approximately3 percenthi@er fortheenginehavi~ Lke
12-footcomlmzstionc’hambe~and1 percenthi~herfortheen@newith*EF
5-footcombustionchamber.Thenumbersopposjteeachpointindicatothe .
valuesofcombustion-chamber-inletstaticpressure~;~>combustion-
chamber-inletMachnumberM ,

7
andmhaust..nozzle-outletstaticpressure

p (ambientstaticpressure. Thesevariablesare.theonesthou6htto
i%luencocombustionefficiencyifthecombustion-chamber-jnlettemper-
ature T2 isconstant.

—

.-
*

.-

a
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Itwasdifficultto

11

separatequantitativelytheeffectofeach
variableon cembr.etlonefficimcy.-As mentione~inrefe&ces 1
and2,a decreaseinthecombustion-chamberstatic-pre8surelevel
oran Increasein M2 usuallyresultedh a decreaseincombustion
efficiency.Withapproximatelystaticsea-levelpressuremaintained
at thecornhustion-chamberi.nl.et,pressurealtitudeamarbntlyhad
noeffecton Tb afterchokingccnmlitio”mwereattai~ed
exhaustnozzle.No investigationwasmadeoftheeffect
?2 ,oncombustionefficiency andblow-out.

The&reatestcombustion-chamljer-inletvelocityV2
theburnerwasoperated~~ith a 5-foGtcombustionchamber

atthe
ofreduced

atwhich
was152feet

persecond.Thievelooitywasmeasuredata pressurealtitudeof
2’?,OCOfeetwhentheenginewasopmati~ underchokingconditions
at theexha~lst.nozzle(~ = 1.33)andata total-teqeratureratio
acrossthecombl~stionchamberT2=5.0., Blow-outdidnotoocurat
thisccndttionanditshouIdnotbe consideredas’thelimiting
combustion-chsmber-inletvelocityfortlnisburn~r.ThemaximumV2
attahedwitha 12-footcombustionchamberwas140feetpersecond
at a ~resswealtitadeof23:000feet.Thisvaluewasobtainedwhen
theenginewasoperat~ underchoki~conditionsat theexhaust
nozzle (3$3=1.i9). -

SUMMARYOFRESKLTS

Froman investigationoftheperformanceofa 20-incnramJet
overa widerangeofpressurealti~udeeandequivalentfree-streem
Machnumbers,thefollowingresultswereobserved:

1.A netthrustof8135poundsreducedto standardsea-level
conditions,a net-thrustcoefficientof0.74,andan over-alleffi-
ciencyof12.6percentwereattainedat themaximumequivalentfree-
streamMachnumberof1.84atwhichtheenginewitha 5-footcom-
bustionchamberwasoperated.Thecorrespond@spec:,ficf~elcon-
sumptionwas1,06poundspernetthnst hGrsegower-hour.At this
cond?.tionthetotal-temperatureratioacrosstheenginewas5.7and
thecombustionefficiencywas70.3percent.

2.T.%enginewitha 5-footcombustionchamberwasoperatedat
comb~stfon-charnber-inletvelocitiesup to 152feetpersecond.This
velocitywasattainedduringchokingattheexhaustnozzleandat a
ratioofabsolutetotaltemperatureat theexliaust-nozzleexitto
thatat thecombustion-chamberinletof5.0.

.

.
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3.Intherangeinvestigatedtheprincipaltotal-pmseureloss
wascausedbycombustion.At anequivalentfree-streamMachnumber
of 1.70,a combustion-cham%er-inletMachnumberof0.14$andata
total-tem~ratureratioacrmstheengineof 6.0,thetotal-pressure
ratioaoroastheenginewas0.7.5.Fortheseconditionstheest$mated
total-~ressureratiosacrossthevariousphasesoftheram-jetcycle
thatcontributetototal-pressurelosseswereasfollows:

Total-pressureratioacrosstheeupersonioportion
ofdiffuser.. . . , . . . . . . . . . . . . . . . . . . , 0.93

Total-Tressureratioacrossflameholder . . . . . , , . . . 0.96
Total-pressureratioacrosscombustionchamberas
a resultof combustion, . . , . , . , . . . . . . . . . . 0.91

Total-pressureratiocausedby lossesacrosssub-
sonicportionof diffuser,exkwmstnozzle,fuel
injector,andoombustfonohamberasa resultof
,shellfriction. . . . . . , . , . . . . . . . . . . . . . 0.92

4.At a oonstantgastotal-temperatureratioaorosstheengine
anda constantcombustion$ff:ciency,theperformancecurvesofthe
enginewerenotnoticeablyaffectedby ohangesintheoombustton-chamber *
length.Althoughincreasingthecombustion-chamberlengthfrom5 to
12feetimprovedthGcombustionefficiency,theoperatingrangeoftho
‘enginewasreduced. .

●
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5.No chemgeintheperformanceor operatingrangeofthe
engineme o%servedwhenthefuelwaachmgedfrompreheated
unleaded62-octanetopreheatedleaded100-octancegasoline.

FlightPropulsionResearchLaboratory,
NationalAdvisoryC!omitteeforAeronautics,

Cleveland,Ohio.
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APPENDIX““

v.ONFmlXL~ NACARMNo.E6L06

METHODSOFDATAREIWCTION .

Thedatapresentedinthisparerhavebeenreducedandcorrelated
f’orthemost@rt by themethodsdiscussedinreference1, Bccanse
somoofthedatawereobtainedatequivalentfree-stream~ch numbers
~ markedlygreaterthanthoseinreference1,themethodsofdata
reductionhavebeenmcdtfiedto includetheeffectsofvariables that
areneQigibleat hhelowerequivalentfree-streamMachnumbers.

Eq~ivalentFree-StreanMachNumber

Theequivalentfree-streamMachnumber~ wasdeterminedfrom
therelation

(1)

For values of l% lest3t- 1,thediffuser-inlettotalpressure‘1
wastakenasthefree-streamtotalpr~ssure PO.

Forvalueeof
?

greaterthan1,themeasuredinlettotalpres-
surowasadjustedin he rabioofthetotalpressuresacrf’saanassurmd
supersonicdiffuser,Thispressureratiowaetakenas thetheoretical
yressureratioacrossa normal,shockatthethroatofa convergent-
divorgentsuperwnic diffuserde~ignedtoallowshockentranceat tha
pert?.nontMachnumber.(Seereference10.) Becauseevenmorefavorable
pressureratioshavebeenobtainodona differenttypoofsupermnic
diffuser(references11to 13),thisassumptionseemedroaeonable.

Exhaust-Nozzle-ExitTemperature

As derivedinreference1,theeti,a~~st-l~ozzle-exittem~perature!C4
wasdeterminedfromtli~expression

.2
pa - ~F”-P4A42(P4- po~+ L A4(P4- PO)

T4 = 1 (2)
@i32 %R# 2gJcp,4mg2

Whentheultimateeti~aust-jetMachnumberM~ iS
in !l!4oflessthan2 percentresultsif p4 is

--.

-A
—

,

.

-.

—

—

L3ssthan1,an error
aammedequalto p t

.-#
0

.
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.

.

Thisassumption,however,leadsto increasinglyerroneousvaluesof
T4 forconditionsof Ml greaterthan1. It isnecessaryto deter-
mine p4 moreaccuratelyattheconditionsforwhich M~ isgreater .
than1.

BecauseMd isapproximatelyequalto 1 forallconditionsof
Mj greatertha~1

74
~

‘4 ’74+ i\
—= [)
TA \ 2

(3)

l?urther?thejetthrustF3 canbe e~ressedas

(4)

FromELcomb;.nationofequations(3)and(4),thefollowingexpression
results:

‘J P*
P4 = A4(74+ 1)+=

(5)

Equation(5)wasusedto determinep4 fcralldatapresentedfor
conditionswhere ‘3 wasgreaterthan1.

Over-AllXff’iciencyParameter

Theover-allefficiencyparameterwasmodifiedto includethe
effectofvariationsinthetotal-temperatureratioacrosstheengine
T1 (T2 assumedequalto 71) ontheover-allefficiency.This

effectbecame
ciencyofthe

noticeableat
engineis

highval~.~esof h~. Theover-all effl-

output_ ‘nvO
input WfhJ (6)
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It isassumedthatthGratioof specific heats y doesnotchange
throughtheramjet,thatno energylossocmrs inthedifi’ueicnand
effusionprocesses,andthatthegaeflowisesmntiallytheairflow.
Thenthe~t thrustFnjfree-~treamvelocityVO,andfuelconsutnp-
tion Wf canbe siatodaOfollow:

V.=

(7)

(8) _

W,f=

st~.bstftutionofequations(7),(8),emd(9)intoequation(6)uives~
asan ap~roximation,theover-allefficiencyintermsof ‘o‘ qbJ
ma-r.

1
Thus

(70 - 1)14.2
v .—=.

7..1
1+ y“- Y:

Equation(10)~howsthatthequantityGf T(1+ %@ isprimar~.~d

functionof ~ and qb- ThequantityV(l‘~Ti) ‘as‘horefore

plottedas a functionof }~ and Vb”

Similarly,by sutstiitutionofequation.(10)intoequation(6),
550w.,.36m

-.

—

.—

●

● ✍

�
✎✍

. .

thenet-powerspecificfuelconsumptionparameter
J. — is

FnVO(li ~T–l)

a

●

primarilyalsoa functionof ~ and ~b. Thisquantitywaetkerefom
plottedas a functionof ‘o

and TIb.
.-

.
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UltimateExhaust-JetMach

17

Number

Forconditionsatwhichtheultimateexhaust-jetMachnumber
~~ r~~ml~~ lb lJ tts value was calculatedbythe methoddescribed

. . Forvaluesgreaterthan1,”M~ wasoalcolatedin
thefollowingmanner:

●

Becausethere Is relativelysmalllossintotalpressurebetween
stations4 andj,jetMachnumber‘J canbe expressedas

(11)

Inakmuchas M4 isapproximatelyequalto 1.0forallconditionsof’
14iw4yo:terr;kn1) P4 fromequation(3)canbe substitutedinto

J- . Thus,assuming7J equalto 74

. +y.%’#.;~(12)
‘J2 7J - ~

Theexhaust-nozzle-exitstaticpressureP4 isgi~~n~Y equation(5)’

Total-PressureRatioAcrossEngine

Thetheoreticalcurvesof M, asa functionof 1~,andthe
total-pressureratioacrossthee~ine P~/Po presente~infig-
ure16werecalculatedby meansofthefoIlowingexpression:

Equation(13)isbased

3.,.
7J.1 ~7J-1

!~+_
1- 2 ‘%J~= 7
r-+70-l -&-

L
~ %2i701J

ontheassumptionthat isequalto

(13)

P()“

.

.
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Figure l.- Installation of 20-inch ram jet with
m

12-foot combustion chamber and

16. tl-inch-diameter exhaust nozzle in altitude wind tunnel.
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Four-tube injector
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Figure 2. - Installation of four- and seven-tube fuei injectors in 20-inch ram-jet
di ffuser.
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Fig. 3

Figure 3. - Flame holder used in wind-tunnel investigation
of 20-inch ram jet.
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NACA RM No. E61_06 Figs. 4,5

Figure 4. - Modified combustion-chamber section used in wind-
tunnel investigation of 20-inch ram jet .

NACA
c-17166
11-13-46

Figure 5. - Exhaust jet issuing at supersonic speeds from
exhaust nozzle of 20-inch ram jet during wind-tunnel
investigation.

—



LILA’

e * . . ,

NATIONAL ADVISORY
COWITTEE FOR AERONAUTICS

14,0Q0

M?,Olm

I

z
o
.

-n

c1
.



.

n

MTIMM MV ISORY
H ITTEE FOR AERONAIJTI CS-. . .. .

2900

10,C 00 -.. .— , -

c0mbu9tlon-
84a) - chamber

lemgth
(ft} 1

- 05
❑ =

4000 / ‘

~ 1600

.
-)m.

1.200 )

I / ‘

-“ 600

.
4(XI — — — —

T

o
0 .2 .4 .6 .a 1.0 l.a 1.4 1.6 1.8 Z.o

Eq~ivalent free-stream Mach number, No

Figure 7.- Effeot of equi~alent free-stream Maoh number @ combustion-ohamber length, and pregsure

altitude on jet thrust Fj. 20-inoh ram j et with 16. 8-inch-diameter exhaust nozsle.

n

In
.

4

z
o
.

m
u)
r
o
al

●



* + . .

mm
MTIWAL ADVISMY

~lTTEE FOR AERONAUTICS

eooo

‘moo

6000
6.0

6.1

:

*.
\ 4000

c1
&

Iim

*

;

~m
c.

E

5.

%.0
lwo . /

5.6

?
o

Bqulmlmt flw-mtream =* nrdar, Mo
Q@rt 8.- FXf9et of equivalent k-stream Imh nubsr ~ d t~t,al-te~ratuumtlo q m 1.w31M811

net t.hmstF~8. W-lmh rmmJet with S-foot ctitlm obamberand 16. &lmtrd lamt.?r ●xtmust
m;xle; mt thrustreheal to tUCAst.ndard .kcpkrla umdit!c.ns 8t son laml.

z
0

m
m
r-

~



Ci
o
z

m

Q
m
z

-1 O*

NATIONAL MV120RY
HI TTEE FOR A220NAuT 1C2

.8

.7 — — . . — — — — - T

-~

6-

.6
E- .

s.

.5 -
6.

6.s
7.8

.4

3

t!5.6
s.

.s

.8

.1

Eqdvalent free-stream Moh -r, ~

Flgore 9.- Effeot of equivalent free-tre= Mach mmber ~ ad tetalqerature ratio %1 m m*tbr90t

ooeff!aient q. 20-lneh mm Jet with S-foot combustion olwhr and 16.0-imh+Wter eximet me=k



. ,

64 b
NATIONAL ADvISORY

COW I TTEE FOR AERC44AUTICS d

56

4a 0

/

40 d

5 p

Y

24

k ~

16

/

e 3 p
/

/
c

o
. .4 .6 . . . 1 ●4 . . 1

Eqnlwdent frw-ctrm Meh mmbtr, ~

Figure 10.- Effeat Or equ!mlnnt tim-strean Mm& mater W on i&al owm--all efficiency paramter

* (l+./q). WJ-inch mm jet with S-foot amlmstlon ahmbm and 16.6-lnH-ter ●xhamt DDZZ~.

z
0
.

m
m

0



.—

F

I
NATlmM Aovl-

7
C-$TTEE F* Al?nm&rTlcs

6

5 \

I

s
c

Y

1

0
0 .2 .4 .6 .8

Equlralent free-streamUwhnmtir, ~

‘lgure11.- Effect of equimlent frma-strea= IImh mmber ~ cm ideal rnt~wer spaclflc fuel ccnmqtlon
S50 Wf 3603

pararmtrc 20-inch - j*t with 5-foot co-bmtlm chamber nnd 16.*~ter
Fnvo(l+fi) ‘“

exhaust mssle.

b , . .

*PQ



? , t , ,

64
NATIWL AOVl~

~llTEE FM AEWTl~

M

~N

:
a

&
+
r4
z

- W
:
●

g
g

i ‘4
:

j
●

r! 16

~

g

a

o
0 .Q .4 .6 .8 1.0 1.2 1.4 1.6 1.8 Z.o

Equivalent free-etwm Mmh nmbor, ~

Figure M.- Wf-et of equi-lent fma-stnm Machnwbar ~ and aemtuctlon ef’fialenoy ~ on o-11
effloianay perammt*r q(l + ~). W-huh me Ja t w! th d-foot eombmtioa elmmlwr ❑nfi 16.6-im3h-

LIiamOtm eaimmt nozzle.



-n
-.

m
.

xl
z

z
o
.

●
, . . ,

---



NATIONAL AOVI WRY
CM! TTEE FM AERONAUTICS

14

w
U? ~

( )
~o

O“
10

e“

8. &

~o~
Iu

u

6 0
u

00
00

4 0
()

(1o
2.

0
u

r

a

o

0 .8 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0

Equivalent free-stream Mach number, blo
FiJure 14. - Effeot of equivalent free-stream Mach number ilo on over-all tffioiency q. 20-inoh ram

jet wi Lh E-foot combustion chamber and 16.8-i nah-diameter exhaust nozzle.



o
Bmiwalmt fmt-stmam Y8chnmbcr, HII

FigmW 15.-Effect of equivalent free-st~m M8cbmmbor ~ on net-pine; specifio fuel omsmptim
ii.wwfxca ~—. O-inch mm J*t with S-f c-at ccatm tfon otamber and l&8-tnoh+ianeter ●xhaust noazlo.

Pnvo

-n
-.

m
.

W

9+:
o
m
z
-i
+

. . .



●

P&ura le.. ~mt of equlvalmt fm.-stmm Emh nmbr % d tatal-prasrutw mtio ●m.. mm jet ?j/PO

on Ultlmti Qx19ust+et Maab mmtcr 1.. To*l-pmcmms ratio arms emlculawd for ratio of swclfia

hmt4 ●t dm=t+t oandltion Y . da and at fW-GttWU 00titiOn YO = 1.4.
-.

a-foot ~tlm OlnBtm =* M.LnOtl-t. .*.t KU*.
BO-Inoh ram jet with

Y s

z
>

z
o

il.
-.

la



.—.

HAT IONAL AOVI SORY
C-l TTEE FOR AERCNAUTICS

.36

.32 /

.28 # (

.24

5 {

.20
/

.16
?

.12
0 .2 .4 .6 .8 1.0

2qulvalent Crwe-.streaw Mach numb?, ~

Figure 17.- 2ffec t of equl Talent frae-strema HacII mmber ~ on combustion-chamber-inlet Kach number

parameter ~fi. 2&lnch ram jet mlth 5-root combustion ohamber and 16.2-lnch+ia.wter exhaust

nozzle.

T

a
.

<

I*
z
1=

c-)

>

xl
z

z
o
.

m
m
1-

0
m

‘1



320
NAT10NAL ADV1SORV

COWITTEE FOR AERONAUTIC

WO

240

0
:

>

jy

.

;

~ ‘0

z
d ~

{m

z

40
s p

T

o

0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 0.0

Equivalent free-a tream )lach number, MO

Figure 18. -Effeot of equivalent free-stream Maoh number ~ on ai~flow parameter ~ ~ 20-inoh

ram jet with 6-foot combustion ohamber and 16.8-in nh-diameter exhaust nozzle.

1



-.

@f

-n

Q
m
z

eooo
NAT 10NAL SDV 1SOW

CWI TTEE FOR AERONAUTICS 6.% 1
6.0.

5.7

7000 }

5.%
6.

6.1-

Slxlo
7‘0 4

“m !$? ~

6- r

6-
4oCa

lw!-

3CG4
6.

5.

6.2

6.3

5.6

lm

5.E

0
.2 .4 .6 .8 1.0 1.2 1.4 1.9 1.0 2.0

Equl.al ●k free -stream Mnch nwbmr, No

Figure 19. - itrfect o? equivalent rr~-strem Waah number ~ ..a t.tal-tmper.lur. I-8t 10 *s on rucl-

cmmmptlon prameter ‘f % ‘w.
~’

20-lnah m. & c with S-root c.mbw%km charnbar ●nd 16. tl-inch-

dlamtep ●xhaust nozzle.

v , I! + . ::.7-I(-I

-n

IO
.

&
3
0
m
z

z

o

m
m
1-
0
0!



----
, ,

w

NATIWAL ADV 19CUY
.. ”-w. COMMITTEE FOR AERWTIG

Fuel-air ratio, f/a
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